I. INTRODUCTION
It is now well-established that the width of the observed giant dipole resonance in hot nuclei ͑the hot GDR͒ increases strongly as the excitation energy increases up to around 130 MeV in tin isotopes. At higher excitation energies the width increases slowly and even saturates ͓1-6͔. ͑See also Refs. ͓7,8͔ for the reviews͒. A considerable number of theoretical studies have been performed in the last decade on the subject of the damping of hot GDR ͓9-19͔. While theories can reproduce the centroid energy of the hot GDR, many of them still give different, sometimes controversial explanations regarding its width. The hot GDR has been observed first in the compound-nuclear reactions induced in heavy-ion collisions ͓1-6͔. In these experiments the hot compound nucleus was usually formed at high angular momentum. The dependence of the width of the hot GDR on the excitation energy E* contained then both effects of the angular momentum and the temperature T. Recently two new experimental methods have been introduced. The first one involves compound nuclear reactions ͓20͔, where large arrays of ␥ detectors have been set up to measure the GDR of a hot system at a definite angular momentum. The second one ͓21͔ is based on a new technique using ␣ particles to excite the target nucleus via inelastic scattering at a small angular momentum. These new methods have offered a possibility to individually study the effects of temperature and of angular momentum on the damping of the hot GDR in a direct comparison with theoretical predictions.
In the microscopic extrapolation to nonzero temperature the conventional approaches to hot GDR have included the effect of temperature via a simple replacement of the average over the ground state at Tϭ 0 by the one over the thermal statistical ensemble. This means that the hot GDR has been considered as a quantal eigenstate built on top of the thermal equilibrium ensemble. The results show that the average quantities of the system such as the Landau splitting calculated within the self-consistent random phase approximation ͑SC-RPA͒ at finite temperature ͑SC-FTRPA͒ ͓12,13͔ and the spreading width ⌫ ↓ of the hot GDR, arising after coupling the ph states to 2 p2h ones ͓14,15͔, remain stable against varying T. In order to understand the increase of the observed width of the hot GDR other thermodynamical effects such as thermal fluctuations of shapes, temperaturedependent transferred angular momentum, etc. were introduced ͓16,17͔. Thermal fluctuations have also been taken into account in the recent theory on the hot GDR width ͓18͔. The authors of Ref. ͓6͔ have pointed out, however, that the increase of the width, offered by the theory in Ref. ͓18͔ , is still quite slow in order to account for the experimental systematics. Reference ͓6͔, therefore, has called for a search of a missing effect, emphasizing the role played by thermal and angular momentum effects in the low excitation energy region (E*р 200 MeV͒. The most recent theoretical evaluations in Ref. ͓22͔ , which include the thermal shape fluctuations within an adiabatic model, agree nicely with the ␣ scattering data in Ref. ͓21͔ for the GDR width in 120 Sn and 208 Pb at temperatures 1 MeV ϽTр 3 MeV ͑30 MeV рE* р 130 MeV͒. The increase of the evaporation width ⌫ ev due to a finite lifetime of the compound nuclear states ͓19͔, has also been included to improve the results at Tϳ 3 MeV. The theoretical predictions of Ref. ͓22͔ are given for Tр3.4 MeV. It is not clear whether the adiabatic model can describe with the same success the region of the width saturation (E*Ͼ 130 MeV͒, where a considerable number of heavy-ion fusion data has been accumulated up to E*ϳ 450 MeV. These results have also shown that the effects due to angular momentum on the data set of interest are negligible. This observation is important as it confirms the domination of thermal effects in the increase and saturation of the GDR width.
From the macroscopic point of view the GDR built on the ground state (Tϭ 0͒ ͑the g.s. GDR͒ can be considered as the Landau zero sound ͓23͔. The damping of the hot GDR has been studied within the framework of the Landau-Vlasov theory ͑See Refs. ͓24,25͔ and references therein͒. The width of the GDR within this approach shows a continuous increase as the temperature increases. The width saturation at Tу 3 MeV and the ''disappearance'' of the GDR at high temperature (TϾ 4.5 ϳ 5 MeV͒, observed in some heavyion fusion experiments ͓26͔, are interpreted within this approach mainly as a result of an exceedingly large width. In the recent Ref. ͓27͔ , it has been shown, however, that at T у 2 MeV the regime of rare collisions, where the random phase approximation ͑RPA͒ method can be applied in the theory of Fermi liquid, must be replaced with the regime of frequent collisions. Including the memory effects in the collisional integral and the quadrupole distortion of the Fermi surface, the collisional width of the GDR, obtained in Ref. ͓27͔ , turns out to be rather independent on temperature in an agreement with the predictions of microscopic theories ͓14,15͔. Thermal shape fluctuations have also been taken into account based on the Landau theory of nuclear shape transitions in Ref. ͓28͔ . The latter provides a nice macroscopic description of thermal fluctuations in all quadrupole shape degrees of freedom. With all parameters fixed at zero temperature this theory shows good agreement with the data for hot GDR up to Tϭ 2 ϳ 3 MeV.
In the present situation we see two particularly important issues in the theoretical study of the behavior of the GDR as a function of temperature. The first one is the need of a consistent description of the hot GDR width as a function of temperature, including both regions of the width increase at low temperatures ͑0 рTр 3 MeV͒ as well as of the width saturation (Tу 3 MeV͒ up to the region where the GDR is thought to disappear (TϾ 4.5 ϳ 5 MeV͒. The second one is the connection between the microscopic and macroscopic understandings of the damping mechanism of hot GDR. Recently we have shown in a series of works ͓29,30͔ that the coupling of the RPA phonon to the pp and hh configurations, which appear at nonzero temperature, leads to the thermal damping of the collective vibration ͑phonon͒. In our most recent work ͓31͔ we gave our answer to the first issue. Namely, we have performed a systematic study of the damping of the GDR in 90 Zr, 120 Sn, and 208 Pb as a function of temperature T. The results have shown that the coupling of the collective vibration to the pp and hh excitations, which causes the thermal damping width, is responsible for the increase of the total width with increasing temperature up to TϷ 3 MeV and its saturation at higher temperatures. Our results are found in an overall agreement with the experimental data for the GDR width obtained in the inelastic ␣ scattering and heavy-ion fusion reactions at excitation energies E*р 450 MeV.
In the present paper we will make a further step in this direction by answering the second issue mentioned above. Namely, we would like to study here a connection between the microscopic description and a macroscopic interpretation of the hot GDR. As a result we shall propose an alternative way to estimate the damping width of the GDR via the complex admittance of an irreversible process. This work is organized as follows. In Sec. II we study the dissipation of the hot GDR, considering it as a statistical state, which is slightly deviated from the thermal equilibrium under the influence of a temperature-dependent external perturbation. As a matter of fact, in intermediate-energy heavy-ion collisions the hot GDR can be present as a thermal excitation and the detected ␥ rays are emitted predominantly in the nonequilibrium phase. Pb, within a large range of temperature ͑up to at least Tϭ 6 MeV͒ in Sec. III. The results are compared with the recent experimental data for the hot GDR in these nuclei in heavy ion fusion reactions and inelastic ␣ scattering. The paper is summarized in the last section, where some conclusions are provided.
II. EVOLUTION OF THE HOT GDR IN AN IRREVERSIBLE PROCESS
We consider the dissipation of the hot GDR as a statistical state, which is slightly deviated from the thermal equilibrium under the influence of a temperature-dependent external perturbation. The weakly nonequilibrium state can be constructed, considering the response of a system, which is described by a time-independent Hamiltonian H h , on an external perturbation H t 1 ͓33,34͔ under the assumption that there is no external perturbation at the time tϭϪϱ. The total Hamiltonian is
The evolution of a dynamical variable Ô , whose average value is O(t) ϭTr͕(t)Ô ͖, can be studied in terms of a timedependent density operator (t). 
͑2.6͒
where V q is the operator part of V q . In order to estimate microscopically the complex admittance q (E) in Eq. ͑2.6͒ we adopt in Eq. ͑2.1͒ a model Hamiltonian, which includes the coupling of collective oscillations ͑phonons͒ to the field of ph, pp, and hh pairs in a form of a sum of three terms:
͑2.7͒
The first term in the RHS of Eq. ͓30͔. In the simplest case when the two-body term consists of only a separable isovector dipole-dipole interaction, one recovers from Eq. ͑2.7͒ the Hamiltonian widely used in the literature to describe the GDR ͓37͔. The term, containing a sum of products of two pp (hh) pairs, is omitted in Eq. ͑2.7͒ as it has a little influence on the damping of phonon excitations ͓38͔.
We introduce the double-time Green functions ͓39͔, which describe the following:
͑1͒ The propagation of a free particle (or hole):
͑2͒ The propagation of a free phonon:
͑3͒ The particle-phonon coupling in the single-particle field:
͑4͒ The transition between a nucleon pair and a phonon:
The effect of the backward process, described by the Green function ͗͗Q q Ј † (t);Q q † (tЈ)͘͘, is small ͓30͔, so we neglect it here. In Eqs. ͑2.8͒-͑2.12͒ the standard notation is used for the double-time retarded Green function ͓33,39͔. A set of coupled equations for an hierarchy of Green functions is obtained, applying the standard method of the equation of motion for the double-time Green functions ͓33,39,40͔. We close this hierarchy to the functions in Eqs. ͑2.8͒-͑2.12͒, using a decoupling approximation as described in Refs. ͓33,39͔:
͑2.13͒
͑2.14͒
In Eqs. ͑2.13͒ and ͑2.14͒ n s ϭ͗a s † a s ͘ and q ϭ͗Q q † Q q ͘ are the single-particle and phonon occupation numbers, respectively. The time variable is omitted for simplicity. Making the Fourier transformation to the energy plane E and eliminating then functions ⌫ Ϫ (E), ⌫ ϩ (E), and G(E) by expressing them in terms of G s;s Ј (E) and G q;q Ј (E), we obtain a set of two equations for G s;s Ј (E) and G q;q Ј (E), which describe the p (h) and phonon propagations, respectively. For the propagation of a single p ͑or h) state sϭsЈ and a single phonon state qϭqЈ these equations have the simple form:
where the mass M s (E) and polarization P q (E) operators are
͑2.16͒
Closing the hierarchy to the functions in Eqs. have shown, however, that the effects of these graphs on the spreading width of the GDR are almost independent of the temperature. Therefore, in order to maintain the simplicity, we will include the spreading due to these effects in the parameters of the model defined at Tϭ 0 in the next section. The explicit inclusion of these higher-order double-time Green functions is reserved for our forthcoming study. The dampings ␥ s () of the single-particle and ␥ q () of the phonon states are derived as the imaginary parts of the analytical continuation in the complex energy plane ϭ
Ϯi of the mass M s (E) and polarization operators P q (E), respectively:
The single-particle occupation number n s ͑phonon occupation number q ) in Eqs. ͑2.16͒-͑2.18͒ has the form of a Fermi ͑Bose͒ distribution, which is folded with a Lorentzian with a width of
͓30͔ it has been shown in an example of a damped harmonic oscillator that ␥ q () is indeed the half-width of the oscillator damping, while the real part of the analytical continuation of the polarization operator P q (E) into the complex energy plane gives the frequency shift of the damped oscillator. A similar proof can be extended to the single-particle damping width ␥ s () in a straightforward manner. If ␥ s is small, the singleparticle occupation number can be well approximated by an exact Fermi distribution function with energy Ẽ s . For the phonon occupation number this is not valid because ␥ q is large. In Ref.
͓19͔ it has been proposed that the states of the compound nucleus have a definite lifetime or width. In the most general case, the energy levels of the compound nucleus include both discrete and continuum parts. Since the high-lying bound states of the single-particle spectrum may acquire an appreciable width via the coupling to the continuum, this certainly affects also the single-particle damping ␥ s in Eq. ͑2.17͒. While the escape width ⌫ ↑ is known to be only a small fraction ͑around few hundreds keV͒ of the observed width of the GDR in heavy nuclei at Tϭ0, its contribution to the total damping of GDR may become significant at very high temperature. The role of the evaporation width ⌫ ev at T 0 has been studied in Refs. ͓19,22͔ and also in Ref. ͓41͔. In the latter, it has been suggested that the ''disappearance'' of the hot GDR at very high temperatures may be associated with the growth of the evaporation width ⌫ ev . Even though the continuum is not explicitly included in our formalism, we can say that the effect of coupling to the continuum can be incorporated here, at least partially, in an effective way. Indeed, as will be discussed in the next section, the numerical calculations in our formalism use the singleparticle energy spectra, defined within the Woods-Saxon potential. These spectra include not only the levels near the Fermi surface, but also high-lying bound states and quasibound states. Therefore, the poles in Eq. ͑2.18͒ can be located at rather high excitation energies in the continuum region. Hence, the effects caused by coupling to these highlying discrete states can simulate the effect of coupling to the continuum.
If we assume that before the coupling the GDR is generated by a single phonon, associated with a strongly collective vibration at energy q , the full width at half maximum ͑FWHM͒ ⌫ GDR of the GDR, caused by the coupling, is calculated from Eq. ͑2.18͒ as
This width ⌫ GDR must be compared with the FWHM of the GDR, extracted in the experiments. The energy E GDR (T) of the hot GDR is defined as the pole of the Green function G q () at the real energy from the equation
The Pb. The results have been found in overall agreement with the experimental data in heavy-ion fusion reactions as well as in inelastic ␣ scattering. The calculations also showed that the effect of single-particle damping on the width of the GDR is rather small up to high temperatures. The increase of the GDR width at low temperatures and its saturation at high temperatures are explained within this model as follows. At Tϭ0 the singleparticle occupation number n s is equal to one for a hole state (E h Ͻ 0͒ and zero for a particle one (E p Ͼ 0͒. Therefore the GDR width ⌫ GDR has a nonzero value only through the coupling to ph pairs, where n h Ϫn p ϭ 1 ͓Eq. ͑2.18͔͒. As the temperature increases, the quantal damping which we denote as ⌫ Q decreases as the difference n h Ϫn p decreases from one at Tϭ0 to zero at Tϭϱ. At the same time there appear the pp and hh configurations because the difference n s Ϫn s Ј 0 also for (s,sЈ)ϭ(p, pЈ) or (h,hЈ) at T 0. The coupling to pp and hh configurations leads to the thermal damping ⌫ T ͓30͔, which increases first with increasing T. However, because of the factor n s Ϫn s Ј , the total phonon damping ⌫ q will decrease as O(T Ϫ1 ) at large T. Therefore, it must reach some plateau within a certain region of temperature. This is a natural explanation for the width saturation of the GDR within the present model.
We would also like to point out a possible connection between the coupling to pp and hh configurations and the the thermal shape fluctuations. In our opinion the coupling to pp and hh configurations may offer an alternative way to take thermal shape fluctuations into account microscopically. To this end, first of all, it is worth noticing that there are several ways to include thermal shape fluctuations. A common way is to use a model, in which the motion of nucleons is described in terms of a deformed oscillator, Woods-Saxon, or cranked Nilsson potential. The residual interaction between nucleons in the intrinsic system can be described by the dipole-dipole force for the GDR case. This scheme has been proposed in Ref. ͓16͔, according to which the cross section, averaged over all possible thermal fluctuations of shapes, is given by ͗͑E;E*͒͘ϭ
where the excitation energy E*, in general, is a function of temperature T, angular momentum I, and deformation parameters ␤ and ␥ of the system. The probability P(E*) is proportional to
where F(E*) is the free energy of the system. The metric dD ͑volume element͒ depends on the deformation parameters. In the approach based on the Landau theory of shape transitions ͓42͔, the free energy F(E*) can be expanded in terms of the ''deformation'' parameters ␣ lm , which determine the deviations of the compound nucleus from the spherical shape. Hence the shape fluctuations must include in general the couplings to all possible multipolarities, not only the quadrupole-quadrupole one. The approach in Ref.
͓42͔ then concentrated only on the most important deformationthe quadrupole one, which corresponds to the second order in this expansion ␣ 2m , and determined an effective free energy as a function of temperature and ␣ 2m only. Another way of taking into account thermal shape fluctuations is based on a model using a collective quadrupole plus GDR Hamiltonian to generate the quadrupole deformation at Tϭ 0 ͓43͔. In this case the mean field of oscillator type is deformed already at Tϭ 0 with three frequencies i , (iϭx,y,z), related to the Hill-Wheeler deformation parameters ␤ and ␥ ͓37͔. This scheme has been applied in the most recent calculations of thermal shape fluctuations with the adiabaticcoupling model in Ref. ͓22͔ . In the present paper only g.s. spherical nuclei are studied. Still the effects of thermal shape fluctuations, being dependent only on temperature, can be considered via the coupling to pp and hh configurations. Indeed, a pp or hh pair operator B ss Ј ϭa s † a s Ј can be expanded in the lowest order as a sum of tensor products of ph pair operators:
Therefore the coupling of the last term of the Hamiltonian H in Eq. ͑2.7͒ can be rewritten, e.g., for the case with (s,sЈ)ϭ( p,pЈ), as
͑2.23͒
Expressing B ph † (B p Ј h ) in terms of Q q 1 † and Q q 1 (Q q 2 † and Q q 2 ) using the well-known inverse canonical transformation, one obtains 
with k () being the parameter of the multipole-multipole interaction ͑details can be found in Ref. ͓35͔͒. This means that the coupling to pp and hh configurations in the last term of Eq. ͑2.7͒ or in H BQ in Eq. ͑2.24͒ in fact already includes, via multiphonon configuration mixing at T 0, the coupling to different multipole-multipole fields. Taking into account the high-lying ph, pp, and hh configurations, as has been discussed above, the coupling to high-lying multiphonon states is also incorporated in our formalism. It is well-known that the configuration mixing of 1p1h with 2p2h states ͓35,49͔ ͓or ph with phonon ones discussed above ͑cf. also Ref.
͓36͔͔͒ is decisively important to account for the spreading width ⌫ ↓ . In addition to the quantal coupling to ph configurations, a quite similar mechanism takes place at T 0 via the coupling to pp and hh configurations. As the latter takes place only at T 0, it is tantamount to the thermal effects in the fluctuations of multipole deformations of nuclear shapes around the spherical one.
In the present paper we are going to find an alternative way for estimating the damping of the GDR through the complex admittance of an irreversible process. The complex admittance in Eq. ͑2.6͒ for the case with Ô ϭQ q can be expressed in terms of the Green function G q (E) defined in Eq. ͑2.15͒. After some simple derivations we obtain
.26͒ is the microscopic expression of the complex admittance in terms of the energy q of the collective vibration, corresponding to the GDR excitation, and of the polarization operator P q (E), characterizing the damping of the collective phonon. The information about the transport equation ͑2.4͒ is now defined by the real and imaginary parts of the complex admittance ͓Eq. ͑2.26͔͒ ͑in the complex energy plane͒, from which the imaginary part is directly related to the strength function S q () of the hot GDR, namely
where
Knowing the complex admittance ͓the Green function G q (E)͔, one can derive the spectral intensity of the GDR excitation from the relation
which is equal to ͓39͔
The normalized relaxation function ⌿(t), associated with the energy dissipation of the GDR to noncollective degrees of freedom in the single-particle field ͑the heat bath͒, is defined from the complex admittance after a Fourier transformation as ͓34͔
If the corresponding probability ͉⌿(t)͉ 2 displays a good exponential decaying behavior
the width ⌫ of the GDR strength distribution can be extracted as the reverse of the relaxation time c . Hence, we have found an alternative way to estimate the width of the GDR without calculating directly ␥ q () in Eq. ͑2.18͒. This means we can avoid directly solving Eq. ͑2.20͒, which is much more complicated, especially when the number of collective phonons are not small. Moreover, the detail information of each fragmented excitation would not have much sense since we are interested only in the average or gross structure of the hot GDR. In confronting the calculated value to the experimental data the attention must be paid to the following point. As has been mentioned above, the GDR width was usually extracted in experiments as the FWHM of a Lorentzian, which is centered at the GDR energy and must be compared to the width ⌫ GDR , calculated in Eq. ͑2.19͒. In terms of the complex admittance, this means the width ⌫ GDR must be extracted from the relaxation function ⌿ GDR (t) ͓Eq. ͑2.31͔͒, which is calculated in turn from the complex admittance GDR () according to the equation
instead of Eq. ͑2.26͒. In the present model, where the effects of coupling to more complicated configurations such as 2 p2h ones are incorporated in the parameters, the result from Eq. ͑2.33͒ is more reliable than the width ⌫ from the total strength function. In the next section we will represent the results of calculations of both quantities: the width ⌫ ͓Eq. ͑2.32͔͒ of the total dipole strength distribution over the whole energy interval up to 40 MeV and the width ⌫ GDR using the complex admittance in Eq. ͑2.33͒. The present formalism can be also used to examine the evidence of motional narrowing in the hot GDR. The application of the theory on motional narrowing ͓34͔ to the hot GDR is given in the Appendix. It is shown in the Appendix that motional narrowing would occur in the long-time ͑sud-den͒ limit when the effective half-width ␥ of the stochastic frequency modulation in Eq. ͑A25͒ became much narrower than the frequency spread ⌬ ͑the standard deviation of the Gaussian distribution͒ in the adiabatic ͑short-time͒ limit. This is possible if the following criteria hold:
͑i͒ The adiabaticity parameter is much less that 1:
͑ii͒ The frequency spread ⌬ decreases with increasing temperature T.
͑iii͒ The effective half-width
decreases as increasing temperature T, starting from a certain value T c . The value T c would then denote the lower limit of the temperature region where motional narrowing took place. Even though several efforts have been undertaken to search for the evidence of motional narrowing in the hot GDR ͓45-47͔, it is still debated whether this effect is indeed present in realistic situations. The advantage of the present approach as compared to the adiabatic model ͓46͔ and the macroscopic approach ͓47͔ is that the parameter can be evaluated microscopically rather than being adjusted to fit the experimental width as in Refs. ͓46,47͔. The present approach is also free from the adiabaticity limitation. The frequency spread ⌬ in Eqs. ͑2.34͒ and ͑2.35͒ is determined in terms of the polarization operator P q () ͓Eq. ͑2.20͔͒ as
Therefore, examining the temperature dependence of and ␥ , we hope to be able to clarify the issue related to motional narrowing in hot GDR within the present formalism. It is worth emphasizing that the obtained results are physically different from those of the conventional SC-FTRPA, which considers the pp and hh configurations at finite temperature as elementary excitations as the ph ones. The pp and hh configurations in the SC-FTRPA, therefore, participate in forming the collective motion ͑phonon͒. As the FTRPA is in fact a one-phonon approximation, the higherorder effects, related to the thermal shape fluctuations and coupling to more complicate configurations, are averaged out of the FTRPA. The remaining part is only some Landau splitting, which is almost independent on temperature as has been mentioned in the Introduction ͓12,13͔. In our formalism, the pp and hh configurations are expressed in terms of noncollective degrees of freedom and they do not participate in constructing the collective vibrational modes. Therefore, they are treated beyond the ph FTRPA, if the latter is used to define the microscopic structure of the collective phonon. Under this treatment they induce an irreversible coupling of the collective phonon to the noncollective subspace. In realistic nuclei the number of pp and hh configurations is large. If the average single-particle damping width ⌫ s.p. is small, which is actually the case, the pp and hh configurations can be well approximated by a heat bath. Hence the coupling between the collective phonon and the pp and hh configurations is a de facto GDR-heath bath coupling. The increase of the anharmonicities in the coupling of the collective dipole mode with noncollective states when the temperature increases has also been a decisive feature in the TDHF description of the hot GDR in 40 Ca in Ref. ͓32͔.
III. NUMERICAL RESULTS
In this section we present the results of the calculations of the GDR width for 120 Sn and 208 Pb as a function of temperature in a wide range 0рTр 6 MeV. The results are compared with the experimental data of the GDR's width in heavy-ion fusion reactions and inelastic ␣ scattering. Since we are interested in the evolution of the hot GDR via its coupling to the single-particle field, we assume that the microscopic description of the structure of the g.s. GDR (Tϭ 0͒ and its spreading width ⌫ ↓ is known. Such a description can be found in a number of works such as Refs. ͓35,36,48,49͔. The microscopic calculations at T 0 ͓12-15͔ have also shown that the GDR can be considered as a strongly collective excitation, which is stable against changing the temperature. Therefore, in order to have a simple and clear picture, we assume that the g.s. GDR can be generated by a single collective and structureless phonon width energy q closed to the energy E GDR of the g.s. GDR. This GDR phonon is damped via coupling to ph, pp, and hh configurations. We employ the realistic single-particle energies, calculated in the Woods-Saxon potential at Tϭ0 for 90 Pb we replace the levels near the Fermi surface with the empirical ones. These energies are extended to nonzero temperatures. The self-consistent calculations in Ref. ͓51͔ have shown that the dependence of the single-particle energies on the temperature is rather weak up to TӍ 5 ϳ 6 MeV. The matrix elements of the coupling to ph and pp or hh are parametrized as F ph (q) ϭF 1 for (s,sЈ)ϭ( p,h) and F pp (q) ϭF hh (q) ϭF 2 for (s,sЈ) ϭ(p,pЈ) or (h,hЈ). As the ph interaction in the GDR is dominated only across the two major shells, which are closest to the Fermi surface from both sides, the uniform distribution of the ph strength over all the levels can be justified if F 1 2 ӶF 2 2 . The phonon energy q , F 1 , and F 2 are three parameters in our model. Their values are chosen for each nucleus so that the empirical quantal width ⌫ Q and energy E GDR of the g.s. GDR in these nuclei ͓52͔ are reproduced after the coupling is switched on, and that the E GDR (T), defined from Eq. ͑2.20͒, does not change appreciably with varying temperature. Reference ͓37͔ has shown that this kind of selection of parameters already include the vibration of protons against neutrons in the collective phonon, which generates the g.s. GDR. On the other hand, the coupling to 2 p2h configurations, which leads to the microscopic temperature-independent spreading width ⌫ ↓ , is effectively included in the parameter F 1 . The best sets of parameters for 120 Sn and 208 Pb are presented in the Table I . These values are kept unchanged throughout the calculations at T 0. This ensures that all thermal effects are caused by the microscopic coupling between the GDR and the single-particle field, but not by changing parameters. The ␦ functions in the RHS of Eqs. ͑2.17͒ and ͑2.18͒ are replaced in numerical calculations with a Lorentzian with a width . We have checked and found that the results of calculations do not vary appreciably in the interval 0.2 MeVрр1.0 MeV. The results, obtained with ϭ 0.5 MeV, are discussed below.
Shown in Figs. 1-3 is the imaginary part Im͓ q (E)͔ ͓Eq. ͑2.27͔͒ of the complex admittance q (E), divided by , for the GDR in 120 Sn at several temperatures. The results in Fig.  1 are obtained via coupling to all ph, pp, and hh configurations. Figure 2 represents the results of the calculations, which include only the coupling to ph configurations. In Fig.  3 the results, obtained via coupling to pp and hh configurations, which appear at T 0, are displayed. The effect of single-particle damping ͓Eq. ͑2.17͔͒, although small, is included in the calculations. These figures show that the GDR bump in a realistic nucleus is a superposition of many Lorentzians. The quantal effects due to the coupling to ph configurations ͑Fig. 2͒ are getting weaker with increasing temperature. As the result the GDR bump becomes narrower until its width ⌫ Q vanishes at high temperatures. At the same time the thermal effects due to the coupling to pp and hh configurations ͑Fig. 3͒ enlarge the GDR as the temperature goes up. Higher than Tϳ 3-4 MeV the gross structure of the GDR, caused by thermal effects alone, ceases to change. The combined effects ͑Fig. 1͒ give a gross structure of GDR, which changes drastically with increasing T up to 3-4 MeV, but becomes temperature-independent at higher T, conserving the Thomas-Reiche-Kuhn ͑TRK͒ sum rule for the GDR. Already in Ref. ͓30͔, it has been shown in a simplified model, that there is an energy dissipation from the bump in Fig. 2 to the one in Fig. 3 . We can see here that the realistic situation is driven by the same mechanism. The difference is that the space of pp and hh configurations in realistic hot nuclei is significantly larger and spreads up to high energies, including the GDR region and above it. This makes the GDR persist even up to very high temperature with all its strength preserved. As a matter of fact, we also show in these figures the case with Tϭ 10 MeV to demonstrate that the behavior of the hot GDR becomes insensitive to the change of temperature at TϾ 3 MeV within this model, even though the maximum temperature a realistic finite system could sustain is about TӍ 5-6 MeV. As seen from the figures, a pronounced structure in the low energy region, which spreads up to around ϭ 10 MeV, is developed at Tу 2 MeV. On the other hand, a part of the GDR strength is shifted to the higher-energy wing. As the result, the centroid energy of the GDR remains almost unchanged with varying the temperature. As has been pointed out in Ref. ͓30͔, the appearance of the low-lying structures may serve as the origin of the ''dis- appearance'' of the GDR at high excitation energy in some experiments ͓26͔. In fact, these calculations show that it is hard to isolate such low-lying structures when subtracting the exponential background in the experimental spectra. If this is the case, the remaining part can be taken as a GDR with less collectivity or even as a disappearing GDR. Hence, the hot GDR does not seem to disappear within the present model. This result must be understood in the context that the damping mechanism of the GDR at high temperatures comes mainly from thermal effects via the coupling to pp and hh configurations. The quantal effects are due to coupling to ph states, which are responsible for the damping of the g.s. GDR as the zero sound vanishes at high temperatures. This confirms the feature, which has been pointed out in our previous work ͓30͔, that as the temperature increases, the possibility for the development of pure quantal collective excitations, such as the coherent motion of all protons against all neutrons, is reduced, vanishing completely at Tϳ 5-6 MeV because of the increase of stochastic motion of noncollective degrees of freedom constituting the heat bath. A similar conclusion has been given in Ref. ͓32͔ within the TDHF approach, which shows a possibility for a rapid loss of collectivity of the isovector dipole mode due to the growing disorder in the motion of protons against neutrons. These results are similar to those obtained from directly solving Eq. ͑2.20͒. The strength function S q () in Eq. ͑2.28͒, calculated based on this solution with the coupling to all ph, pp, and hh configurations taken into account, is presented in Fig. 4 . Comparing this figure with Fig. 1 , one can see that they indeed give the same gross structure of the GDR strength distribution at various temperatures. The fine structure is smoother in Fig. 1 . The reason is that the calculations of the imaginary part of the complex admittance in Fig. 1 with the same parameter have resulted in a stronger smearing as compared to the strength function S q () ͓Compare Eqs. ͑2.27͒ and ͑2.28͔͒. Shown in Fig. 5 are the probabilities ͉⌿(t)͉ 2 ͑upper figures͒ and ͉⌿ GDR (t)͉ 2 ͑lower figures͒, deduced from the complex admittances (E) ͓Eq. ͑2.26͔͒ and GDR (E) ͓Eq. ͑2.33͔͒, respectively. They are plotted as a function of 1/t so that the abscissa of the crossing point between them and the horizontal line exp(Ϫ1) is just equal to the value of the extracted width 1/ c ϭ⌫ ͑upper figures͒ or ⌫ GDR ͑lower figures͒ at a given temperature. Another way of plotting these figures as a function of t instead of 1/t would reveal an obvious exponential decay of functions ͉⌿(t)͉ Pb are displayed as a function of temperature in Fig. 6͑a͒ and 6͑b͒ in comparison with the recent inelastic ␣ scattering data ͓21͔. The quantal width ⌫ Q ͑dashed curve͒ is obtained through the coupling to only ph states. The thermal width ⌫ T ͑solid curve͒ comes from the coupling to pp and hh configurations at T 0. The total width ⌫ GDR ͑solid with diamond curve͒ is calculated through the coupling to all ph, pp, and hh configurations, including the effect of single-particle damping. The width ⌫ of the total dipole strength distribution in Fig. 1 is represented by the dotted curve. In general, ⌫ GDR is not the sum of ⌫ Q and ⌫ T because the poles of the Green function G q () are different due to the coupling to different configurations. It is clear from this figure that the quantal effect is getting weaker in hot GDR as ⌫ Q is slowly getting smaller with T going up. The thermal damping width ⌫ T , on the contrary, becomes rapidly larger with increasing T. As the result, ⌫ GDR increases sharply as T raises up to 3 MeV and slowly at higher temperatures. It reaches a saturated value of around 13.5 MeV in 120 Sn and 10 MeV in 208 Pb at Tϭ 4-6 MeV. These evaluations also show that the GDR width at higher temperatures is driven mostly by the thermal width ⌫ T . The results of our calculations for ⌫ GDR are in reasonable agreement with the experimental data. This agreement is as good as the one given recently within the adiabatic model in Ref.
͓22͔.
Our results also cover a much wider temperature region. It is also seen that the width ⌫ of the total dipole strength distribution over the whole interval from 0 up to 40 MeV is found in a large discrepancy with the experimental data. In both nuclei the width ⌫ increases much more rapidly at low temperatures and reaches the saturation at a lower temperature Tϳ 2.5 MeV as compared to the width ⌫ GDR . The reason for this discrepancy is a consequence of the fact that the effect of coupling to 2p2h configurations is incorporated in the present model via choosing the parameter F 1 to reproduce the empirical value of the quantal width ⌫ q of the g.s. GDR. Therefore, while the value ⌫ GDR is good as an average one for comparing with the experimental data, the configuration mixing in the calculated strength function is fairly coarse in order to be well approximated by a single Lorentzian as it is the case in the experiments. This result just confirms the fact that the experiments have approximated the hot GDR as a single Lorentzian, centered at the GDR energy E GDR (T), which just coincides with the theoretical value ⌫ GDR . On the other hand, it is experimentally difficult to extract the width ⌫ of the total dipole strength distribution at Tу 3 MeV because of the ambiguities in isolating the lowlying structure from the background at high temperatures, as has been discussed above ͑Figs. 1 and 4͒. This may also serve as an explanation of why some authors have considered the saturation of the GDR width as the signature of the GDR disappearance.
Shown in Fig. 6͑c͒ is the same width ⌫ GDR for 120
Sn ͑a͒, but plotted as a function of excitation energy E* in comparison with the FWHM of the GDR from the heavy-ion fusion data in tin isotopes ͓1-6͔. An overall agreement between the theory and experimental data is seen in the whole region of excitation energy E*, including the data at 250 рE*р 450 MeV ͓2͔. The predictions of Refs. ͓18͔ ͑solid curve͒ and ͓24͔ ͑dotted curve͒ are also shown. They are similar to ours at E*р 150 MeV. In this region there is a noticeable discrepancy between the dependence of ⌫ GDR on the excitation energy E m.f. * , evaluated in the thermal mean-field ͑solid with diamonds͒ ͑see Ref. ͓53͔ for details͒, and the one on E F.g. * from the Fermi-gas model with the level density parameter aϭA/12 ͑dashed͒. The contribution of higher-multipole collective vibrations also affect the excitation energy in the thermal mean-field ͓53͔. As the result, E m.f. is pushed closer to E F.g. . Therefore we also plot in Fig. 6͑c͒ the same width as a function of Ē *ϭ(E m.f. * ϩE F.g. * )/2 for comparison ͑solid curve with asterisks͒.
FIG. 5. Probabilities ͉⌿(t)͉
2 ͑upper figures͒ and ͉⌿ GDR (t)͉ 2 ͑lower figures͒ for the GDR in 120 Sn ͑a͒, ͑b͒ and 208 Pb ͑c͒, ͑d͒ as a function of the inversed time 1/t at various temperatures. The value of temperature ͑in MeV͒, at which a curve was calculated, is given by a number near the curve. The horizontal line is exp(Ϫ1).
Finally, using criteria ͑i͒-͑iii͒, let us examine whether there is an evidence of motional narrowing in the temperature dependence of the hot GDR. We have calculated the adiabaticity parameter , the frequency spread ⌬, and the effective half-width ␥ eff , using Eqs. ͑2.34͒, ͑2.36͒, and ͑2.35͒, respectively, in , calculated via coupling to pp and hh configurations ͓solid curves in the top part of Fig. 7͔ , becomes continuously smaller than one and decreases with increasing T. This means that criterion ͑i͒ is fulfilled, although not so strongly.
This criterion is also fulfilled with the values of , calculated via couping to only ph configurations ͑dashed curves in the top figures͒, or to all ph, pp, and hh ones ͑solid curves with diamonds in the top figures͒. In order to see the source of motional narrowing, we have to examine the behavior of the frequency spread ⌬ ͓criterion ͑ii͔͒ and the effective halfwidth ␥ eff ͓criterion ͑iii͔͒. Taking into account the coupling to pp and hh configurations, ⌬ continuously increases in general with increasing temperature ͑solid curve in the middle figures͒. This means that thermal fluctuations of shapes are not associated with motional narrowing. At the same time, the value of ⌬, calculated via coupling to ph configurations ͑dashed curves in the middle figures͒, continuously decreases as T goes up, showing a clear effect of motional narrowing with the fulfillment of criterion ͑ii͒. This effect has a direct connection with the narrowing of the quantal width ⌫ Q as T increases, as has been discussed previously. It is stronger in 208 Pb. As a result, the value of ⌬, calculated via coupling to all ph, pp, and hh configurations, behaves differently in two nuclei, namely it increases in 120 Sn, and slightly decreases ͑at Tу 1.5 MeV͒ in 208 Pb with increasing T. The resulting effective half-width ␥ eff of the stochastic frequency modulation of the hot GDR, shown in the bottom part of Fig. 7 , decreases continuously with increasing T when the coupling to only ph configurations ͑dashed curves͒ is taken into account. This decrease is also seen in the thermal fluctuations of the hot GDR ͑solid curves͒ at Tу 1-2 MeV. The resulting effective half-width ␥ eff , calculated via coupling to all ph, pp, and hh configurations, starts to decreases at Tу 1 MeV in 120 Sn and at T у 1.5 MeV in 208 Pb. From this analysis we conclude that motional narrowing in the stochastic modulation of the GDR energy ͑frequency modulation of the hot GDR͒ indeed takes place at Tу 1-1.5 MeV and this effect comes from the quantal coupling to ph configurations ͓criteria ͑iii͔͒. Thermal effect due to coupling to pp and hh configurations ͑thermal shape fluctuations͒ are not associated with motional narrowing ͓criteria ͑ii͒ is not fulfilled͔ and can be considered as an adiabatic process at Tр 1 MeV where Ͼ 1. In general, the behavior of the hot GDR at high temperatures can be approximated by the long-time ͑sudden time͒ limit where criterion ͑i͒ holds.
IV. CONCLUSIONS
In the present paper we have proposed an alternative method to calculate the damping width of the hot GDR via the complex admittance of an irreversible process. The relation is established between the microscopic theory for the FIG. 6 . Widths of the GDR as a function of temperature in 120 Sn ͑a͒ and 208 Pb ͑b͒, and as a function of excitation energy in 120 Sn ͑c͒. The open squares represent the experimental data from inelastic ␣ scattering ͓͑a͒ and ͑b͔͒ and heavy-ion fusion reactions ͑c͒. In ͑a͒ and ͑b͒, the solid curves with diamonds denote the width ⌫ GDR , calculated at the GDR energy with the coupling to all ph, pp, and hh taken into account. The quantal width ⌫ Q , obtained via coupling to only ph configurations, is denoted by the dashed curve, while the thermal width ⌫ T , caused by coupling to pp and hh configurations, is represented by the solid curve. The dotted curves represent the width ⌫ of the total strength function from Fig. 1 . The GDR widths, evaluated in Ref. ͓22͔ without and including the evaporation width, are shown by the dash-dotted and short dashed curves, respectively. In ͑c͒, the solid curve with diamonds represents the width ⌫ GDR in ͑a͒, plotted as a function of E m.f. * ͑see text͒. The dashed curve is the same width, but plotted as a function of E F.g. * from Fermi-gas model. The solid curve with asterisks is the same width, plotted as a function of Ē * ͑See text͒. The width, obtained in Ref. damping of hot GDR and the macroscopic one for the evolution of the dynamical variable, which describes the evolution of the hot GDR. The microscopic expression for the complex admittance is derived from the Green function, which describes the propagation of the GDR vibration through the field of noncollective degrees of freedom ͑heat bath͒.
The present formalism was then applied to a systematic study of the behavior of the GDR as a function of temperature in the nuclei 120 Sn and 208 Pb. The values of the calculated damping width ⌫ GDR of the hot GDR, centered at E GDR (T), were compared with the recent experimental data obtained in the heavy-ion fusion reactions and inelastic ␣ scattering. An overall agreement between theory and experiment is achieved. In comparison to the recent theoretical predictions by other theories in Refs. ͓18,22,24͔, the present approach is free from the constraint on adiabaticity and also gives a reasonable agreement with experiments within a much larger temperature interval, including the region of the width's saturation, where the adiabaticity is broken (Ͻ 1͒.
The present paper confirms that the thermal effects due to the coupling of the GDR collective vibration to the pp and hh configurations are the source of the increase of the GDR's width at low excitation energies ͑up to 130-150 MeV͒ and of the width saturation at high excitation energies. These effects are fairly enough to account for the thermal fluctuations in the hot GDR in finite nuclei. The quantal width ⌫ Q due to the coupling of the GDR to only ph configurations decreases slowly with increasing temperature T.
Analyzing the calculated strength distribution of the hot GDR, we see that refined experimental methods are called for to explore the low-energy region of the GDR distribution in order to isolate a possible low-lying structure. In particular, the appearance of the low-lying structure and the difficulties of extracting it from the background are proposed in this work as one possible reason of the ''disappearance'' of the hot GDR in some experiments. On the other hand a more detailed study on the relation between the excitation energy and the temperature in finite nuclei at temperatures below Tϭ 5 MeV is needed in order to avoid the large uncertainties when comparing theoretical results and the data.
Finally our results seem to indicate the presence of motional narrowing in the hot GDR at Tу 1-1.5 MeV as a consequence of the quantal coupling to ph configurations. 
APPENDIX: RANDOM FREQUENCY MODULATION OF THE HOT GDR AS A STOCHASTIC PROCESS
Motional narrowing as a feature, which takes place in stochastic processes, has been studied by Kubo and Anderson more than four decades ago ͓54,55͔. Recently the KuboAnderson process has been applied to study the possibility of motional narrowing in hot nuclei in Ref. ͓46͔ . A stochastic macroscopic approach to GDR in hot rotating nuclei has also been developed in Ref. ͓47͔ based on the generalized Langevin equation due to Mori ͓56͔. Details of the general theory on motional narrowing in stochastic processes can be found in Ref. ͓34͔ . A direct application of this theory to the hot GDR within our model is given in this Appendix.
We have shown that the hot GDR can be considered as a damped oscillator due to the coupling of the collective phonon to the ph, pp, and pp configurations. The broadened frequency spectrum, expressed in terms of the complex admittance or the strength function in Eq. ͑2.27͒, is related to the stochastic nature of the time modulation of the phonon energy ͑the oscillator frequency͒. In order to study this, we assume that the collective phonon, which generates the hot GDR, is randomly perturbed so that the phonon energy is modulated in time as
where the variation 1 (t) is a stochastic process. We can write down the equation of motion of the phonon propagation as
The solution of Eq. ͑A2͒ is
The correlation function F q (t) for the GDR phonon propagation is directly related to the spectral intensity J q () in Eq. ͑2.30͒ as
Conversely, the spectral intensity is derived from the correlation function via the Fourier transform as
If q (1) (t) is stochastic, then Q q (t) is a stochastic process defined by Eq. ͑A2͒. In this case the correlation function F q (t) can be rewritten in the form 
͑A18͒
The power spectrum I() of the stochastic process q (1) then takes a Gaussian form with the standard deviation ⌬ I͑ ͒ϭ 1
This power spectrum becomes narrower and narrower when the parameter ⌬ decreases. This phenomenon is known as motional narrowing. Physically it means that the motion of Q q (t) in Eq. ͑A3͒, which is rewritten as
is a Brownian motion on a unit circle in the complex plane. If the duration time is shorter than the characteristic time, needed to maintain a frequency shift,
the modulation is averaged out and cannot be seen. In order to derive the clear criteria of motional narrowing we must study the duration time, concerning which there are two extreme cases, namely the short-time (t/ c Ӷ1) and long-time (t/ c ӷ1) limits.
(a) The short-time limit (t/ c Ӷ1). The short-time limit just corresponds to the approximation in Eqs. ͑A18͒ and ͑A19͒ when ӷ1. The correlation function in this case is the average of exp(i q ( 1) ) over all possible distributions of the modulation q
(1) , such as all possible quadrupole shape deformations
͑A22͒
This is an average over an ensemble of oscillators with frequencies q (1) . Each oscillator describes a collective motion during this short time t. In terms of quadrupole shape fluctuations, this dynamical coherent picture takes place if the quadrupole deformation changes slowly enough ( c is large enough͒ for the GDR to feel these changes. Hence the shorttime limit here is nothing but the adiabatic limit discussed in Ref.
͓47͔.
(b) The long-time limit (t/ c ӷ1). In the long-time limit, which corresponds to Ӷ1, the correlation function (t) in Eq. ͑A11͒ behaves as ͑t͒ϭe Ϫ␥ eff ͉t͉ϩ␦ . ͑A23͒
The power spectrum I() of the stochastic process q (1) has a good Lorentzian form The effective half-width ␥ eff of the power spectrum I() in the sudden limit ͑long-time͒ becomes much smaller than the standard deviation ⌬ of the Gaussian in the adiabatic ͑short-time͒ limit. Hence the sudden limit ͑long-time limit͒ is the region where motional narrowing may start to show up. As such motional narrowing is incompatible with the adiabatic approximation ͑short-time limit͒. The recent adiabaticcoupling calculations in Ref. ͓22͔, which did not present any evidence of motional narrowing, is a good confirmation of this conclusion. At T 0 all the quantities , ⌬, and ␥ eff depend on T. Therefore the criteria ͑i͒-͑iii͒ of motional narrowing, mentioned in Sec. II, are given as a function of temperature. In this way one can clearly point out the temperature region where motional narrowing takes place.
